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I. It tion S

—

Wtuo of viscous drag has been cited as a resson for the
relatively faster settling speeds than upccfed for aggregates using
Stokes settling equation with a particle packing model density (Chase,
1979; Bawley, 1982)., However, the inability to measure the actual
density of individual ‘particles in these studies has made it necessary
to mske gross estimates of omne or more of the Stokesian parameters,
usually the aggregate density. If settling aggregates were assigned
too small a density based upon a given density packing model, it would
sppear that viscous reduction had occurred in order to provide
faster-than-Stokes settling speeds. Also, if aggrcgatu' settled and
then broke up at depth, the smaller aggregate components observed
would appear to have settled faster than Stokes equation allows.
Again, viscous reduction could erroneocusly be used to explain this
ssttling behavior. Our program objectives were to conduct
nttlin.-ehﬂcr/dmiéy—grdiut experiments to wmeasurs aggregate §
particle density and viscous drag independently.

A key elemsnt of the project was the independent measurement of
particle density by the use of high density fluids (isotonic with the
seswater) in density gradient columns. Although the
M«ny-u«:a settling wvelocity and Stokes equation
predicted montmorillonite aggregate densities of r.h oxder 1.05 g/al
(statler to the high-order sggregates fousd by Krone (1976)), meme of
the aggregutes remsined m i m colums of M alu
Golutiens, shish sesched Geanteten of 140 tal. e s e e




flushed and replaced by the density of the surrowndiog media. This
would remove the buoyancy due to lower density occluded waters of the
original w:e. and the nttliu aggregate would have a net
negative buoyancy due to bthc clay (montmorillonite) component.
Bolographic investigation of the behavior of the aggregates as they
tm§r0d a sharp dmity' interface bas demonstrated some aspects of
aggregate settling behavior which are of more importance than the
objectives of the initial program. Pore water flushing has been
demonstrated holographically to occur and to have significant effects
on the settling behavior of aggregate particles.

As a summary of the work performed under this contract, this
report will describe the behavior of m:n_n:le msatoo encountering
fluids of differing composition than those in which they were created.
Nolographic techniques have been used to show that the interstitial
water bof cbuc aggregates 1is not tightly bound. In fact, it is
exchanged rapidly, and suggests an initiation mechanism for the
formstion of vertical salt fingers in stratified water columms.

~ Ths settling chamber was constructed for this project with the
fellowing festures: 'ameyzwam‘mieﬂutmm
mmmmuttmammlmtmmm
a8 s lower chmber equipped with dwsl pores for helegrophc
_.jmm« u‘n-m»m-um*




Three types of aggregates were prepared in filtered, asbiotic
artificial seawater, Three standard clays, kaolinite,
montmorillonite, and illite from the U. S. Geological Survey were each
allowed to aggregate in 35ppt artificial seawater for about one month,
Flocculated aggregates on the order of 20-300 Um were gently withdrawn
and introduced both to the settling chamber and the density gradiemt
chamber.

Two different density udu were used in the gradients. In the
initial setup runs and test, serum dextran was used to save the
extremely cxpm'ivc metrizamide for later runs. Metrizamide-heavy
water solutions isotonic with 35ppt seawater were created with
densities as high as 1.40 g/ml. Even at‘ these high densitfies, the
aggregates consistently failed to become buoyant, even those with
densities determined using Stokes settling equation (with measured
water viscosity) to be less than 1.05 g/ml.

III. Regults

To exsmine the behavior of the aggregates as they settled into
the higher deasity fluids, the holographic microvelocimster was
omployed. A two~layer, isothermsl, isotonic demsity gradient was
prepared from artificisl seawater (3sppt, 1.0241 g/ul, 23,5°C, 0.92
cantipoise) und m:-n-muum ssaweter mm. 23.5°C,
1,054 guful, 7.45 eesipoisy). mlummmm‘
”*tu -mu-u m"&?m -y tatertace,




encountered the interface, they slowed down. After a pause_of less
than a second, the larger particles punched through the interface,
leaving a streamer of lower-density, extruded pore water in their
wake. This stresmer shows up holographically since the difference in
index of refraction between the pore water streamer and medium rﬁoulu
in interference patterns. |

An example of this behavior is shown in Figure la-e. This was
the second experiment performed with this density gradient, so the
original step-like structure had broken down somevhat near the
interface due to the mixing induced by the settling particles of the
first experiment (some ten minutes earlier). These unreconstructed
holographic images show only the diffraction fringes. An in-focus
reconstruction of Figure 1b is shown in the Appendix.

The first jd.ibh particle to resume settling after hicting the
interface is labelled A. This particle is .0256 microns diameter and
extrudes a low viscosity conduit in its wake that influences the
settling of particles B and C. In addition to Mcluin; the
subsequent particle settling paths, this conduit also tends to affect
perticle morphology and settling orientation. The reduced viscosity
and density in the conduit and the alignment of the particle long axes
with it, permits increased settling speed by the subsegquast particles.
This incrcsccc the 1ikelihood that particles will collide with slower
moving particles downstresm, end can result in eclongate aggregates
with their lomg axis oriemted vertfcaslly (shown in Figsre 2). A
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is s = .ms: that difference between that of the upper and lower
layers. The urum left by particle A stretches to sbout .2 cm
elow the original snterface (sbout 8 dimmeters of particle A). If we
, the dismeter D of & cylinder .2 cm long that contained only

vy its dismeter would be on the order of .0075 cm in order that

its Vdm Utcl! that of the volume of particle A { .0256 cm diameter).
A light rey ()= 632.8 om in vacuo) pessing through the center of
eylinder (n = 1.3396) of .0075 cm dismeter would exit 0.54
WMMMM the part of that wave front that passed

| -'m cuteide the cylinder. Since the index of refraction contrast is
| "\ft.,: W um' utmtm will occur (n_ /n, - 1«1). Rays
eln eynm: dﬂfm: em:a the central axis,

Por




interference peak (bright fringes) which is very-close to the maximum

value possible. For larger cylinders with similar refractive indices,
the axial interference peaks decrease, but never by more than 50%.
Por cylinders with d < .0025 cm, the amplitude of the interference
peak decreases rapidly toward background values. Small destructive
interference fringes (dark fringes) will occur at an angle of about
0.5° off axis and downstream from the cylinders and will be most
apparent for cylinders about twice (or increments thereof) the
diameter of our model cylinder (0 & 7, 14, 20, ...).

In summary, maximum fringe formation will occur on our film
if Pe 4 3.9. For lower refractive index contrast (smaller
| nwlnd - 1| ), a larger cylinder (presumably created by a larger
aggregate) is required to produce similar constructive fringes. For
fresh water over salt water (e.g., m = nf'/n" & -i-i-g—;g—g). the maximum
refractive contrast approaches that of our model cylinder. Only
iceberg melt or river plumes over deep water scenarios (e.g., Amazon,
lhgdnlm) might provide that much refractive contrast. However, less

contrast from larger dismeter cylinders (larger particles) would

produce similar fringes to the ones we have viewed.

V. Particle Dynamics Model for Aggregates with Occluded Water
Flushing

To understand the dynamics of porous aggregates which exchange
their occluded waters at some unknown rate with that of the
surroynding sedium, we developed a model to estimate the density of
the occluded waters as & function of. a flushing factor. 7To begin, we
soquire some definitions.
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A wvet primary particle is defined as a particle containing no
voids but has water bound in the molecular matrix. The density'of

such a particle, Pp, is defined as

1 Ha * M
) Dp i vs * vw
where Ms and Hw are the masses of the solid material and water
respectively, and Vs and Vw are volumes of the same respective
materials. We have determined in previous work that the density of
our samples of wet, primary montmorillonite particles is 1.77 gm/ml
(Gartner and Carder, 1977).

As the material aggregates, internal voids are created, partially
enclosing occluded water (ow). If this ow is tightly bound, a static

density results as defined by

M+M +M
2) Pt TTIV IV
static s v ow

If the ow is exchanged with the surrounding medium, then a dynamic

et p e S

density (od 1c) Tesults as

]
3 e i i i
dynanic v. + v' + vov




Hb; is an apparent mass of ow as defined by the Stokes equation for a
sphere of diameter D settling with velocity Ve in a medium of density
Pm and viscosity n. If aggregates or phytoplankton contain the
occluded water (or cytoplasm) tightly enough that there 1s no
significant flushing or exchange of pore waters with the surrounding

isotonic medium, then it follows that
4)

Pgtatic = pdynanic'

Otherwvise

Pstatic = pdynanic'

We can describe, to the first order, the effect of the flushing
of aggregate pore waters on the Stokes settling speed by developing a

relationship to describe Poy* in terms of a flushing rate for the

particle. Suppose that some fraction f of the ow is flushed each time
the particle settles a distance of one diameter D. Then £f/D = F is
the flushing 1rate per unit distance settled. 1f pov(Z)
and pbv(z + AZ) are the occluded water density values at depths Z and
2 + A2, and the density of medium P increases linearly with depth

then

) 0,(D) = 0 (0) + K2,

where K is a constant that describes the ehan;q in p with depth.
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A first order approximation of the change in ¢ ow in settling over

a short depth AZ = D can be expressed as

Ap“(Z) . pw(z + A2) - po"(Z)
aZ aZ

. fp-(z +D) + (- f)p“(Z) - o“(z)
D

. £ (0) + K(Z + D)) - £o_ (2)

vhere the fraction f of pw(Z) that is flushed is replaced by the
denser water of the medium p-(z + D) found at depth Z ¢+ D.

Rearranging terms, we can write the quation as a differential equation
boe® 5o @ =Exz+ £ @ + 1)

or

Pou(2) * oo (2) = FRZ + F(o_(0) + KD),

vhere ¥ = £/D.

The solution to this equatiom is




D 0@ = o @e T« &F/Fo (0) + Kz + D - 1M
- p-(O) - K(D - 1/F).

- To simulate our two-layer, density-gradient, particle dynamics
problem, we let pw(O) - p-(O) = 1,024 g/ml and the density contrast
gradient, K & ,12 g/cul'.

We chose to exercise F over a range of values in order to
evaluate the effect that the density contrast of the occluded waters
with the media has on the particle settling speed for various
sggregate densities. As mentioned previously, the variation in
viscosity across the interface had a more significant effect on
settling speed than did the change in density, and in order to arrive
at a solution, we originally assumed the density contrast of the
aggregate (p dynamic ~ p-) to be constant with depth. We can now
estimate how much in error that assumption may have been for the
various particles in this study.

Now that Pon S80 be estimated as s function of flushing rate F
and depth, one can solve Stokes equation for viscosity as s function
of depth, given the measured settling speeds of the particles.

Since the stresmer from particle A (Figure 1) affected the
viscosity ~f rhe cylinder in which particles B and C traveled, it is
important to asnalyse t_llc viscosity encounteresd by particls A firet.
It 1is clear even at .2 ¢a below the originsl imterfece (pentition of
particle A in Pigure le) that a gradient fa refrective Saden betwosn
the streamer and surrownding waters remaine. Thus, wo slwee .25 &




below the interface as the depth at which the density, viscoeity, snd
refractive index gradients of the medium with depth dissppsared
(wedinm of purely layer 2 type properties). Thus,

K = (1.054 - 1.024)/0.25 cm = .12 g/ca’.

980(1.77 g/m1 " ¢+ (1 -vr )D @,.r) - fa () 10*
8) n(z,r) = ~ 18 v (ir —=.

[ @7 - (2,7) ,
9) v, - -%———a-“— S

ol 0,20 sad o (I) ere mowm frem eoqustions 7 and S,
m.d".uﬁ.nM!mhdthwm
by ooldd mmtese. o eolve emactly this set of equetiomns, n(2Z,P)
MhhnmmMava.(nu
mem, W do huow shet o5 > .25 @n) to adout 0743 peise; hewever,
#0 volestsy measusemnte wave svedleble ot et dupth sface it wes out
of oue £3014 of view. W thus cosmmd & Sedettvaly ssseth trancitien

botueen the vimesity ot .35 e Velew e Materfase ad Wie viseseity

ot .175 cu, wur doapest pertdeds valestly sheuraties.
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of 0.5/cm snd 0.2/cm, respectively. The flushing factor had little or
no effect on particles A and C since montmorillonite made up larger
fractions of their mass values than for psrticle A (621 and 15% versus
8.6%, respectively.

The dotted lines represent regions where two different settling
transitions occurred: 1) in Pigure 1b and lc particle A can be seen
to be settling along or just adjacent to a streamer from an earlier
puft:lclo. and 11) in Figure 1d qnd le, particle C seems to have moved
out of the streamer tube of particles A and B. Particle A apparently
encountered a relatively constant viscosity vhen in the proximity of
the o0ld streamer, with the viscosity sharply increasing as it moved
sway from the stresmer remnant. Particle C also ;ncmmtctod fluid of
relatively constant viscosity within the streamer of particle A, with
sn abrupt increase occurring on passage out of it, Figure 2 reflects
these facts.

Particle B settled within the streamer of particle A umntil
Pigure 14, where it seems to have edged out of the tube. In Figure le
it appears to be slightly behind the tube. PFigure 3 also corroborates
this fact, since the viscosity encountered by particle B is clearly
such less (within the stresmer tubs) then that encountered by
particle A at the same position before the stresmer was extruded.

An estimate ~f the effective viscosity increase ocutside versus
festde a stremmer is indicated by the arrer ber of .8 centipoise on
significest effect. | ——




Semeny — "
Bolography of aggregstes ﬁttlm through density interfaces .

provides a divect obssrvation of pore~water flushing due to the

contrast in refractive index between the extruded pore waters and the

. wediwm. M extruded pore~water tubes provide a pathway wvhere
subsequent particles encounter reduced viscous drag snd less buoyancy

' than would be available outside the tubi. Viscosity reductions of at
least 25X were observed. This means that if two particles of similar
‘settling speeds are following each other in a stresmer tube, the
second will settle faster since it encounters lower viscosity. The
prodbability of collisioms, in such a system, then, changes from one
with a random or Gaussian likelihood to one that favors low density,
highly porous aggregates, capable of providing a reduced viscosity,
fusnel-type of pathway at density interfaces for subsequent particles
to traverse and within which to gollidc. As these aggregates build in &
sise, they incresse even more the probability of subsequent conhion.‘ !

Pigure 2 shows several elongated aggregates apparently created by
perticle collisiomns in s stresmer tube.
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Pigures la (top), 1b (middle), lc (bottom), 1d (top: mnext page), le
(uiddle: next page). A sequence of holograms taken with 0.5 second
spacing. Top arrov is where the original (before experiment) density
interface was located and represents our reference (Z = 0) point.
Three aggregates labeled A (246 um dismeter), B (76.5 um diameter),
and C (113.5 us dismeter) are settling along the same pathway, which
1s msrked by s bright pore-water stresmer emenating from particle A.
In Figures Id and le particles B and C appear to be diverted from this
streamer, perhaps being influemced by the proximity of the remnant
streamsr on the immediate left. Note the aspparent formation of an
elongated aggregate in the stresmer just above particle C.
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Figure 2 (bottom). Hologram of several elongated aggregates found
about 1 cm below the interface (note especially the lower left ]
corner). These streamlined morphologies suggest their formation to
have occurred in a streamer. Note the continued presence of low index
streamers even this far below the interface, suggesting relatively

slow flushing rates.
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Figure 3. Viscosity profile in the density gradient traversed by and
inferred from particles A, B, and C. The sudden increase in viscosity !

observed for particle C some .11 cm below the interface occurred when

2.

the particle left the low viscosity streamer and suddenly encountered

- =

more resistance to settling.
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In-focus images of particles A, B, and C after holographic
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Image analysis techniques for holograms of dynamic

oceanic particles

Paul R. Payne, Kendall L. Carder, and Robert G. Steward

A holographic image analysis system has been developed to measure position, velocity, size, and shape of mi-
croscopic particles settling in 3-D space. Images of particles recorded sequentially on individual holograph-
ic frames are reconstructed using an in-line far-field configuration, registered in 3-D space, and particle dis-
placements (velocities) between sequential frames are determined. Particle settling velocity is calculated
using elapsed time between frames. Digitized video signls of the reconstructed holographic images are pro-
cessed to determine particle size, shape, and area to facilitate identification by shape from frame to frame
and to calculate particle specific gravities. A cataloging system was developed to provide efficient data

management.

. Introduction

Measurements of size, shape, and density are critical
factors in the study of particle dynamics and settling
characteristics of marine hydrosols. Micrographic
holography has been widely used in aerosol studies! and
holographic movie cameras have been developed for
studying zooplankton feeding behavior in ocean waters.2
Using a similar holographic technique, the size and
settling behavior of aggregates resulting from mixing
riverine water with seawater has been determined in the
laboratory® and the effect of particle shape on the
settling velocities of primary hydrosols (unaggregated)
has also been investigated.*5

Carder et al.® have developed an in situ holographic
microvelocimeter for the study of microscopic particles
suspended in seawater. This device records the image
of each particle in 3-D space on a series of successive
holograms with respect to time. Horizontal and vertical
dimensions and croes-sectional area have been used to
determine particle density using the Stokes theorem.?
Edge coordinates are useful for particle identification
(e.g., Zernike moments) and analysis of shape on par-
uclerotauonandsettlmgspeed.‘ During these studies,

Psul Payne is with Astec Computer Engineering, 6805 Circle Creek
Drive, Pinellas Park, Florida 33565; the other authors are with Uni-
versity of South Florida, Department of Marine Science, St. Peters-
burg, Florida 33701.

Received 11 August 1963,

0003-6035/84/020204-07902.00/0.
© 1884 Optical Society of America.
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a great number of samples must be analyzed in order to
provide sufficient statistics for determining p~-.i.le
population characteristics of shape and size as vell as
settling velocity, trajectory, orientation, and oscillations.
Such measurements can be facilitated by use of a com-
puter-controlled image analysis system to improve the
accuracy and reduce the number of man-hours in ana-
lyzing holographic particle data.

Ii.  Problem Definition

A measurement technique was needed to determine
the posltlon size, shape, onentatxon, and veloclty of
microscopic particles moving in 3-Dspace. The marine
particles of interest in the study® cited above typically
mngedﬁom5w250ummd|ametzr,whxchneeeumted
the use of microscopic techniques for any detailed size
or shape analysis. Since oceanic particle densities may
vary from ~1.03 to 5.2 g/mliter and typical settling ve-
locities may range from <0.0001 to 1.0 cm/sec, a variety
of frame or sample periods from <1 sec to as muchas 1
min may be necessary in order to provide short-term
velocity measurement accuracy. In addition, the du-
ration or exposure time for the position measurement
should be <1/500 sec in order to maintain sufficient
positional accuracy and prevent holognm uneunng
Therefore, a relatively high-speed mncro.eoplc tech-
nique was developed® to record the images of multiple
particles as they settled in 3-D space. To deal with the
enormous data volume generated in applying these
techniques (more than 50 particles/hologram), an au-
tomated method for reconstructing and analyzing the
particle data has been developed. Edge coordinates are
recorded when needed for particle identification and for
analysis of the particle shape effects on particle rota-
tion.
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Fig. 1. Holographic image analysis system block diagram.

M. System Description

A functional block diagram of the holographic image
analysis system is shown in Fig. 1. The major compo-
nents and functions are: (1) a laser to reconstruct the
holographic image, (2) a mechanical stage to position
the hologram in 3-D space, (3) a magnification lens and
rear projection screen on which to reconstruct the par-
ticle image, (4) a TV camera to produce a video signal
of the image, (5) a video digitizer to convert the video
signal into digital data, (6) a TV monitor to display the
particle image, (7) a microcomputer with disk storage
for processing and storing input data from the video
digitizer and controlling the position of the mechanical
stage, (8) an interactive terminal to enable operator
control of the system, (9) a joystick for manual control
of the frame position, and (10) the X YZ drive controller
to move the holographic frame in the laser beam. Table
I presents a list of the equipment which comprises the
system.

The system is designed to perform the following
functions: (1) determine the position of a particle with
respect to a 3-D frame reference, (2) determine the
width, height, cross-sectional area, and perimeter of a
particle using a scanning algorithm, (3) determine the

Tablo L. Melographic image Analysis Systom Equipment
Item Deecription Manufacturer Model

1 Laser, 15-mW He-Ne  Spectra-Physics 124B
2  XYZ axes table Aerotech, XY:Z:  ATS-303

ATS-416
3 28 or 50-mm lens Nikon
TV camera, high Dege 650
resolution
& Video digitiser Colorado video Z10A
TV monitor Panesonic WV 5300
7 anu. Z-80, Cromemco Z.2D
8 CRT terminal Soroc R120
9 Joysick Cromemco J8-1W
10 XYZ drive constrolles  Aerotech EC-2

croses-sectional area, perimeter, and edge coordinates
of the particle using a tracking algorithm, (4) enable
particle identification from frame to frame by display-
ing the particle position and edge points (shape) from
the previous holographic frame on the current frame,
and (5) calculate the velocity, average diameter, and
paml icle density from the recorded data for each par-
ticle.

IV. Technical Discussion

Successive holograms of settling particles were re-
corded in situ on negative holographic transparency
film using the particle velocimeter described in Ref. 6
with 4X magnification. The film was processed using
standard photographic techniques and mounted on
individual frames. Each holographic frame was posi-
tioned in a laser beam to reconstruct a 2-D profile of
each particle in the direct transmission mode with an
additional magnification of 2540, depending on the
particle size. With this particular setup we have mea-
sured particles down to 10-um diam (see Ref. 3). In-
creased magnification onto the holographic film is re-
quired to measure smaller particles.

The image of each particle was successively focused
on the rear projection screen by moving the holographic
frame in the Z axis. The projected scene was viewed
with a TV camera and converted into a digitized video
signal. The holographic frame was then moved in the
X and Y axes to bring the focused image of each particle
into the center of the TV monitor screen. The position
of the frame and the size, shape, and orientation of each
particle were analyzed and recorded by the computer.
As images of the same particles in subsequent frames
were cataloged, a matrix of settling velocity and lateral
motion characteristics was generated for each particle.
The statistical distribution of settling velocity with re-
spect to particle size, shape, and orientation provided
an accurate determination of particle density and ulti-
mately permitted a general particle classification (e.g.,
3rganic, mineral, heavy mineral), based largely on

ensity.

A. Particle Position and Velocity

Particle settling velocity using the system described
in Fig. 1 was determined by measuring the position of
each particle in 3-D space at two or more different
sample times. A typical particle configuration is shown
inFig. 2. Prior to cataloging any particle images from
a frame, an accurate and repeatable reference is estab-
lished for a point common to all frames. The reference
point in a frame is centered on the TV monitor by
moving the frame in the X, Y, and Z axes under com-
puter control with a joystick. The image of each par-
ticle in the frame is then subsequently moved to the
center of the monitor with the joystick and its position

mmdmh&andomuﬁmuwm
algorithms described below. Once recorded, the

%zhhﬁn:ﬂumhﬂ,mmhm the
stage drivea to position under
mwmmum:u
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termination of area and perimeter in most of our ap-
plications. Also, it is rare for more than one particle
image to be found in a given focal

T‘henfm.wohawchmmmmbeh
nique which uses a simplified edge detection process
that is based on a comparison of the pixel intensity with
a threshold adjusted for the average intensity between
the particle and background to determine particle area
and perimeter. Pixels at each transition across the
threshold are accumulated as the perimeter of the
particle, while pixels above the threshold are accumu-
lated as its area.

C. Particle Area Scan Technique

The particle scanning algorithm developed for this
system is based on a simplified single-pass edge detec-
tion process. The surface area and edge perimeter of
each particle are determined by comparing the video
intensity of each pixel to a selected threshold value.
‘The technique consists of processing a series of vertical
scans which horizontally cover the image as depicted in
Fig. 3. The horizontal (equatorial) and vertical (polar)
axes of the particle are determined by manually ad-
justing a vertically scanning cursor to the edges of the
particle when the algorithm is first executed for each
measurement. This limits the region under investiga-
tion to the immediate environment of the particle and
eliminates the generally out-of-focus neighboring par-
ticles from consideration.

Beginning on the left side, the particle is scanned
from top to bottom in synchronism with the TV raster.
The video intensity (0-255) of each pixel is compared
to a threshold value corresponding to the intensity at
the particle edge. If the pixel intensity is greater than
the threshold, the pixel area is assigned a unit value and
the column area is incremented. Otherwise, its value
is zero. Ifthepuelamvdueudxﬁmtﬁomthatof
the last pixel, the horizontal perimeter is incremented.
When the vertical scan is complete, the difference be-
tween areas of current and previous columns is added
tothevuﬁedpenmw The scan is then incremented
to the ri tandthopmennputedunﬁlthomtm

,mwuhulb . columns horizontally.
totulamofthopnﬁclouﬂnmoﬁlleolmm
mlsdaabmmh&q.(l) Since the shape of each pixel
is not square, the vertical component must be scaled to
provide an accurate messurement of the area and pe-
rimeter. Or simply,

UVpup> VithmAgy =1,
i Voup) <V, them Ay ) = 0,

iel

Arma=F, o P, « mim [,.- wl




wheee i and j ase the pinsl caluma and row,

V, is the video amplituds of pinel (i /),

V. is the pressiested video threshold,

N, is the sumber of scanned columns,

N, is the mumber of scanned rows,

F, is the horisental scale factor, and

F)y is the vertical scale factor.
‘The esvor intreduced by the quantisation of asea should
converge toward 3000 and beceme negligible as the sise
of the pasticle incrensss.

‘The vertical compenent of the perimeter (P,) is the

difference between the number of pixels above the

ta component H,(i,j) = 1, otherwise
Hp(iy) =0

perimeter = (F, « Py) + (F, « P,), @

: N,
Py = sum u-H,(iJ)]v
imlfji=1

N. N, N,
P,=sum Joum Ap(ij)—sum Al ~1,)] -
o i=l Lj-\ =1
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Fig. 4. Tracking algorithm.

in curvature, points of inflection, curvature maxima,

for .
The edge-tracking algorithm scans across the particle
edge in a series of small circular patterns where i is one
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The perimeter of each particle is measured by accu-
mulating the radial distance of each threshold transition
around the particle edge until the circumnavigation of
thopnrticlsiseomplou. Since the shape of each pixel
is not square, both vertical and horizontal components
must be scaled accordingly, by F, and F,, respectively,
to provide an accurate measurement of the distance
groundthopurtncle The algorithm for this function
is

NP
puim-guml [(Fy » T2 4 (Fs « T, 3
it =

whereT' -R,lil‘l,
Ti-R.oos.
R, = scan radius, and
Np-::hu:neabe:eoﬂhmholdmmitionpoinhnbu
The area of each particle is determined by accumu-
lating the trapezoidal area defined by each new transi-
tion as shown in Fig. 4. The distance x; between the
particle edge and a vertical reference line at the center
of the screen is determined for each transition point and
multiplied by the vertical distance dy; between two
successive edges. The entire area of the particle is de-
mminodbymeeu-ivelynddluormbtuwn;mh
incrementai area depending on the vertical direction
mtﬂthobymhnbommphulymrchdude-

1Ny
area = ;_-unl(x; + xisy) o dy; o F\/F, W
=

Particle identification from frame to frame is achisved
by the edge pixels of a selected particle on the
next and compering it with the shapes of the new
mﬂkbfotmnhﬁu.,

mlnwn?':n «
'l'llnw in the tracking process consists
uﬂﬂm:um.lhunhlbsﬂ
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Fig.7. Video amplitude across the edge of a high contrest (top) and '
low contrast (bottom) particle.

6, respectively. These errors are functions of the
number of scan points (N, ) and the scan radius (R, ), as
shown in

radial error = R, « [1 — cos(2%/N,)}/2,
Angular error = +/~2x/N,.

for N, = 20) as shown in Eq. (8). Howmr.thcnlgo-
n&mmuﬁhtahpmuwmfahmmﬂ:
sharp corners because of truncation produced by the
discvete scan process. The difference between the ac-
tual and measured area for large, smooth particles
should be small but may become negative for particles
with sharp corners, Eq. (7):

perimeter error = +N, « R,(1 — cos2x/N,), )
area error = +/—(N,, « R, » sin2x/N3)/2. )}
Am‘nndpenm_emlnomnmhwﬂhhonryu

of the threshold values on measurements of a high-
contrast, white-on-black square (2 cm/side) are sum-
warised in Table IL. In

dient threshold (intensity difference/pixel) for the
mmmwmuwmxm
total intensity difference between the square and the

Tebio A “dhﬂnumwm
ienslly Gradiont (Yask)s Vasialion i Rupresanied iy t!“l
m-u-umwuun-
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! Fig. 8. Photograph of video image of hologram of mica flake. The

‘ video amplitude of each pixel along the central white line is shown
by the relative scale on the right-hand side of the screen. The length
! and width of this particle were 41 and 19 um, respectively.
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background. A negative threshold gradient (i.e., a
bright-to-dark transition) was used to determine the
edge in this particular application.

The range of threshold effects is smaller for the
tracking mode than the scanning mode because the
maximum video intensity gradient, generally found
about halfway between the intensities of the image and
the background (see Fig. 7), cannot be exceeded without
the algorithm losing track of the particle edge. The
threshold intensity gradient value for the tracking

togramugenonllynloctodwbosmallerthanthe
smallest normal edge gradient (bottom curve in Fig. 7)
found along the particle edge. This insures that oblique
approaches to the edge do not reduce the measured in-
tensity gradient below that of the threshold. This re-
duced threshold value causes the tracking program for
the high-contrast part of the particle (upper curve, Fig.
7) to, in effect, underestimate the size of the particle for
a white-on-black image and overestimate the size of a
particle for a black-on-white image, especially for par-
ticles of varying contrast along the edges. For the white
square on black background image addressed in Table
11, this resuited in particle size estimates that were 15
to 1'%, pixels lower per edge transition (see upper curve
in Fig. 7), depending on the video threshold intensity
gradient selected or a 1.2 to 3.6% underestimate of the
length of each side. This underestimate would be offset
to some extent by the radial error effect on the perim-
eter as described by Eq. (6).

V. Performance Evaluslion
The performance of the scan and track algorithms

was evaluated white-on-black

(square, , and circle) of controlled
sise and ‘The figures are typical in projected sise
onto the screen of of 50-

1 donot the limits of

T
ormance

rithms as a function target sise and shape. stan-

dards for comparison were accurate to within % to 1
pixel/side or to about £2.5% for the small figures and
41.256% for the large. The results of the comparisons
are shown in Table III. Digitization error appears to
have produced a greater effect on accuracy of the small
figures with complex shapes compared with the hrger
ones. A digitization error of 1 pixel/edge can result in
errors as large as +3.6% for the small and £2.0% for the
large triangle measurements. However, this effect
should approach zero as the shapes become larger and
smoother.

For the tracking program, most errors did not exceed
the accuracy limits of the standard measurement.
Digitization errors, together with the uncertainties in
the standards, can account for the differences between
themmundandstandardm,mclmlonofthepo-
tential of radial, corner-truncation, and threshold in-
tenmty/thruhold intensity gradient errors insures that
the maximum tracking error measured (3.98%) falls
within potential error limits.

For the scan program, all the areas measured were
within expected error limits, although the triangle and
circle perimeter errors were larger. The perimeter er-
rors for the squares were quite low as the edges of each
square were aligned with the vertical and horizontal
axes of the TV camera. Perimeters in the scan mode
can be exaggerated by as much as 1 — 1/2/2 for lines
sloping 45° to the vertical. The largest manifestation
of this serrated-edge effect was found for the circle, with
move than a +14% error.

Vi. Application to Helograms

The application of these techniques was demon-
strated by resxamining in situ transmission holograms
of mica flakes collected during the settling experiment
reported in Ref. 5. Because the mica flakes are very
thin and tend to settle at some angle to the focal plane,
only one side can be in sharp focus at any time.
Thereforse, a defocused (lower contrast) image
was analysed (Fig. 8). This lower contrast image s
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Tebio .  Porimaier and Asee Hoaswament Ascuwrasies of the Seanning

umm-mwmn—

Track Scan

Sise " Petimoter _Ares  Porlweter
e o
Square 30 0.38 ~0.47 080  +14
Square 20 0.98 0.17 +2.80 +32
Tringle 40 =300 ~2.90 ~056 699
Triangle 22 +3.98 +1.83 ~0.80 +4.23
Circle 49  -0%0 0.62 4314 +1445
Circle 22 088 297 +066  +9.9

Tehis V. Nelagraghis image Analysls Mossuwrements of Falling Wice Pishes Using the Scanning snd Trashing Algerithms {Pinsls)

1 498 127 134

2 107 40
3 485 118

500
101 42
501 106

113
100

mﬁnmg%mm
135 26

Elliptical
30 Elliptical 14
30 Elliptical 42

Generalshape  Longest dimension (um)
ipti 41

typical of the type collected from irregularly shaped
particles commonly found in seawater.

A comparison between the tracking and scanning
algorithm data (Table IV) shows that the areas gener-
ated are within ~6% of each other for these mica holo-
grams. However, the elliptical image of the third
messurement resulted in a perimeter that was 11%
higher for the scanning than for the tracking algorithm.
The long axis of this image was diagonal to the screen
axes, and the scanning algorithm overestimated the
perimeter by serrating the diagonally oriented edges.

Vi. Summary

The holographic microvelocimeter has proven to be
an invaluable tool in studying the settling dynamics of
particles in both marine and laboratory environments.
The reduction of data from this instrument has been
semisutomated using a microcomputer to control two
phases of the analysis and provide data storage and
retrieval. During the first phase of the analysis a pre-
cision translation stage is controlled to bring a sequence
of holographic frames into register for the 3-D mea-
surement of particle displacement between frames.
Control of this stage is of the order of £0.0002 cm with
mnpummurwinin.p.rﬁchntdingnloeiﬁu
int.orvll. b the rm e

The second phase of the analysis is the measurement
of the sizse, shape, and perimeter of the digitized video
image of suspended particles within the hologram. Two
techuiques have been to measure the area
methods have been

video intensity for odge detection. Although the algo-
rithm is quite fast and is able to scan the ares and pe-
rimeter of & particle in a single pass, accuracy is com-

£16  APVLED OPTICS / Vet. 23, No. 2 / 16 Jamumry 1004

promised for very noisy low-contrast particles or for
particles with long diagonal edges. The second method
uses a tracking algorithm based on video intensity
gradient for edge detection. This technique not only
provides accurate area and peri measurements but
also produces detailed edge coordinates which can be
used for complex shape identification. Although this
system has been applied to the study of perticle settling
dynamics, the techniques developed could also be ap-
pmto other pattern recognition and image analysis
problems. :

This effort was funded under Office of Naval Re-
search contract N00014.75-C-0539 to the Marine
Science Department, University of South Florida.
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THE HYDRAULIC EQUIVALENCE OF MICA'

LARRY J. DOYLE, KENDALL L. CARDER, anp ROBERT G. STEWARD

N St. Petersburg, Florida 33701

ABSTRACT: Settling cxperiments performed on silt- t0 fine-sand-sized mica flakes with a holographic mi-
cro-velocimeter revealed that mica is the hydraulic equivalent of quartz spheres having dismerers a factor
of 4 10 12 times smaller. Mica in the very fine to fine-sand sizes has been traditionally used by sedimen-
tologists 0 delincate areas of deposition or nondeposition and potential winsowing of fines, and is heve
found t0 be the hydraulic equivalent of silt-sized particles but not of clay.

Experiments also showed that mica flakes tend to settle at orientations which are neither perpendicular :
nor parallel to the gravitational vector and tend to generally maintain their orientation throughout. Equations !
for the settling of a disc in Lerman and others (1974) and that developed by Komar and Reimers (1978)
are shown 10 be mathematically similar for the coarse-silt to fine-sand ranges of discs and are adequate
predictors of settling rates of mica flakes. A comparison of the hydraulic equivalency of quartz spheres to
coarse-silt- through fine-sand-sized mica flakes is presented.
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INTRODUCTION

Because it cleaves into flaky particles, sand-
sized mica is a mineral group in which shape
should obviously affect settling charateristics
and, in fact, has often been considered to be
the hydraulic equivalent of silt and clay. Nei-
hesel (1965) noted the close associstion be-
tween sand-sized mica and the clay fraction of
Georgia estuaries, an association also recog-
nized by Pamerancblum (1966) off Israel. Doyle
and others (1968) used the abundance of mica
in the 125- to 250-jum size fraction to delineate

Mmmm 1982; revised Sop-
tomber 29, 1982,

mine as far as possible the hydraulic charac-
teristics of mica flakes and how these
characteristics compare with those predicted
from settling equations in the literature,

APPROACH

Our approach is to utilize a modified holo-
graphic micro-velocimeter developed and de-
scribed by Carder (1978) and Carder and Mey-
ers (1979). Figure 1 shows the system used.
Transmission holograms are simultaneously
collected along the vertical and horizontal axes
of a settling cuvette. A reference point in the
cuvette is also recorded on each vertical and
horizontal hologram to allow translation be-
tween the two axes. Sequential frames at ac-
curately timed intervals (from 0.5 to 3.0 sec-
onds depending on the particle size) record the
settling velocity and orientation as well as par-
ticle size and shape. The images are recon-
structed by placing the hologram back into the
laser path and refocusing on particles in any of
the infinite number of focal planes in the set-
tling cuvette. This system offers the advantage
ofml’:;g-;:nlﬁnmym‘nhﬂ
9 ¢ ranges, thus obvisting any errors
that may be inherent in scale modeling sys-
tems.

Mica samples were chosen from soditwent

- cores from the Eastern United States continen-

ol (Doyle and cthers, 1979). Sikt-  fine-
mmmm‘mw»uu

mamm.mam 2, Jua, 1963, r. 0643-0648
Copyrigitt © 1983, The Seviety of Ecomemic Palosotsiogion and Minsralogists  0022-4472/33/0055-0843 /903.00
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Fi6. 1.—Holographic micro-velocimeter setup used to
measure the settling velocity of the mica flakes.

quantity of filtered distilled water to obtain a
slurry. A drop of slurry was picked up on a
fine brush and the drop barely touched to the
top of the miniscus of the distilled filtered water
in the cuvette, thereby introducing mica flakes
into the measuring apparatus. Other methods
of sample introduction, including use of an eye
dropper, were tried, but they tended to set up
convection within the cuvette.

Resulting settling velocities were then com-
pared with the theoretical settling rates gen-
crated from the equations of Lerman and oth-
ers (1974) and Komar and Reimers (1978). In
the calculations of settling rates a density for
mica of 2.9 g/cm’ was used, midway in the
normal range for biotite and muscovite, Ex-
amination of the mica by standard optical tech-
niques showed that the mica fraction in the cores
was composed of muscovite and a lesser amount
of biotite. Finally, we compared the measured
settling rates of the mica with those for quartz
spheres.

SHAPES AS A FACTOR OF GRAIN SETTLING

Shape has been recognized as an important
factor in the analysis of sediments by hydraulic
hods (principall h

Brezina (1979) have summarized the devel-
conceming the hydraulic

Lerman and others (1974) modified the
equations for the settling of a disc of “no
thickness” in the Stoke’s range, developed by
Lamb (1932), Payne and Pell (1960), and
Brenner (1964), by adding a term for disc
thickness. The resulting formulae for the two
major orientations of fall are:

g —par .

U-—_-3.396u. (edgewise) (§)]

BB RWC kid)., @)
51

where U = settling speed; r = disc radius; h
= thickness; q, = h/r; 1 = dynamic viscosity
of water; p, = particle density; p = density of
water; and g = acceleration due to gravity (981
cm/sec?).

Komar and Reimers (1978) approached the
effect of shape on settling velocity by scale
modeling with pebbles in a glycerine settling
medium, the results being equivalent to quartz
sand and silt in water. They found experimen-
tally that the Corey Shape Factor (CSF) intro-
duced by Corey (1949), Malaika (1949),
McNown and Malaika (1950), and McNown
and others (1951) gave the best prediction of
shape effects for the pebbles they used in their
experiment. Based upon their experimental re-
sults, Komar and Reimers (1978) developed
an empirical formula for settling velocity in the
Stoke’s range, taking into account shape ef-
fect:

11 '
U —ERE—FS-)(D.- p) gD%, 3

where D, = (hDD,)'; D, = intermediate axis
particle diameter; D, -:—/mlpll axis particle
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1
U= (/18 k) 209 (h//DDY]

“(p, — p) gGDDYY* (4)

The particle thickness h may be expressed
as a ratio with to D, that is, D/100,
D/50, D/25 . . . D/x, and therefore in the
ranges in which we are working, the equations
of Lerman and others (1974) and equation (3)
are similar. For example, let D, = D, = D, x
= D/h = 2r/h, and q, = h/r. Then equation
(4) becomes:

2 1

18
" (2.18 -2.09 l)
X B\
(0, = P8 (—)
X
1

1
(2.18 -2.09 -) X
X

I .
¢ — (g, — (5
la”(p. p) gD’ (9

Stoke's m

Our measurements of h for mica flakes yielded
a range of h = 0.007D — 0.0S D. For x = D/
h = 1/0.01 = 100, and substituting in (5), we
obtain:

U=

1
Uao.ozlm(p.-p)xﬁ’-

Lerman’s formulae are of the general form
u=Se-pas
o

where ¢ = 3.396 to 5.1. Substituting as before
we obtain

g - p) D’
Usm 2
2cux
Mukiplying by 18/18 yields
18 1
U ;c-xlm(" o gD’.
Swke’s

For Lerman's formula to be equivalent to Ko-

mar and Reimers at x = 100 we can set

18
— =0.021

2cx
18

© = 2(100)0.021)
c=4.28.

This value lies between Lerman’s two values
of 3.396 and 5.1, and therefore values derived
from the two sets of formulae will be close to
cach other over the ranges we are examining.

Assuming D, = D, = D (where D is an av-
erage diameter) is an idealized case which all
mica flakes do not meet. Any deviation from
D, = D, will obviously cause some deviation
in the calculation of u. When D; = D,, the
parameter x = D/h becomes the shape param-
cter directly related to the Corey shape factor.

THE HYDRAULIC EQUIVALENCY OF MICA

In our experiments mica flakes seldom set-
ted cither exactly broadside or edgewise. They
usually assumed an orientation between the two
extremes, neither perpendicular nor parallel to
the gravitational vector which they maintained
throughout. Stringham et al. (1969) also showed
that particles settling at low Reynolds numbers
be perpendicular to the settling direction.

Figure 2 shows the experimentally deter-
mined settling velocities of mica flakes plotted
on the family of curves of Lerman and others
(1974) and Komar and Reimers (1978) for
thicknesses of D/200, D/50, D/20, and D/
10. Komar and Reimer’s (1978) equation be-
gins to diverge from those of Lerman (1974)

——— *_1
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KOMAR AND RIEMERS - ——-—
LERMAN BROADSIDE ccoreee
LERMAN EDGE
DATA POINTS x

cm/sec

.00.1 1

100 1000

DIAMETER IN MICROMETERS

Pg. 2.—Lerman and others (1974) equations for the settling of discs both broadside and edgewise plotied along
with that of Komar and Reimers (1978) for thickness of D/200, D/50, D/20, and D/10. Note that the equations
yield values which are very close to each other at thicknesses of D/50 or less, thicknesses most prevalent for mica

man and others (1974) for h = D/200, D/50,
and D/20. Our experiments show that mica
ranging in diameter from 62 pm to 250pm,
with a thickness of no more than S percent of
the sieve diameter, is the hydraulic equivalent
of S-um to 82-um quartz spheres. Very fine,
sand-sized mica, then, is the hydraulic equiv-
alent of silt-sized quartz spheres whereas fine-
sand-sized mica is the equivalent of silt- to very
fine sand-sized spheres. Coarse-silt-sized mica
fiakes are the equivalent of fine, and very fine
quartz silts.
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Fic. 3.—The hydraulic equivalency of mica to quartz spheres. Mica sizes are coarse slit to fine sand. and thick-

nesses are D/200, D/50, and D/20.

CONCLUSIONS

1) The equations for determining settling
velocity of a disc presented by Lerman and
others (1974) and that developed by Komar and
Reimers (1978) for particles where the Corey
Shape Factor =<0.4 are similar for thicknesses
of D/50 or less.

2) Experiments on fine-sand- to coarse-siit-
sized mica flakes using a holographic micro-
velocimeter showed that grains most often do
not orient themselves perpendicular to the flow
field as they settle but that they tend to settle
st some orientation between broadside and

edgewise.

3) Mica in the coarse-silt, very fine sand,
and fine-sand sizes is the hydraulic equivalent
of silt- and very fine sand-sized quartz spheres
according to the relationships shown in Figures
2and 3.

Contrary to previous assumptions, mica in
the coarse-silt to fine-sand sizes is not the hy-
draulic equivalent of clay.
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